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DEMONSTRATION OF A RESPIRATORY CONTROL MECHANISM IN HUMAN
SKIN IN VITRO5
D. GILBERT, PH.D.t
The rate of a metabolic process can be governed
by several factors. In mammalian tissues, where
temperature and pH are relatively constant, the
most important variables are enzyme concentra-
tion, and availability to the enzymes of sub-
strates, co-enzymes, enzyme activators and en-
zyme inhibitors. These substances may change
in absolute amount or their availability to the
enzyme may be affected by changes in permea-
bility barriers.
In this communication evidence is presented
which indicates that in human skin in vitro respi-
ration and glycolysis are limited, not by a defi-
ciency of the requisite enzymes and substrates, but
by a deficiency of either or both of the essential
co-factors ADP (See Abbreviation) and Pi. These
substances are used up during both respiration
and glycolysis according to equations 1. and 2.,
and are re-formed during catabolic processes. If
the rate of utilization exceeds the rate of re-for-
mation, the ADP and Pi levels will tend to fall,
until respiration and glycolysis are limited to such
an extent that the rates of utilization and forma-
tion of ADP and orthophosphate are equal. Me-
tabolism is then said to be "phosphate con-
trolled."
Some of the consequences of such a control
mechanism would be:—(l) the tissue would show
a Pasteur effect (glycolysis lower in aerobic con-
ditions than in anaerobic conditions) because in
aerobic conditions respiration would use some of
the available ADP and glycolysis would be cor-
respondingly reduced, (2) if a measurable rate of
glycolysis continues under aerobic conditions, the
tissue would show a Crabtree effect (respiration
is lower in the presence of glucose than in the
absence of glucose), because in the presence of
glucose some ADP would be utilized for gly-
eolysis so that respiration would be correspond-
ingly limited (3). Both respiration and glyeolysis
would be stimulated by "uncoupling agents" such
as DNP, because these compounds release respi-
ration from the requirement for ADP, and the
entire ADP and Pi supply of the cell then be-
comes available for glycolysis.
More detailed discussion of these questions can
be found in the CIBA symposium "Regulation
of cell metabolism" (1) and in Ibsen's review of
the Crabtree effect. (2).
Two of these effects of phosphate limitation
has been reported in human skin, namely the
stimulation of respiration by DNP (3) and the
Pasteur effect (4). The Pasteur and Crabtree
effects have been reported in skin from other
species (5, 6, 7).
In this communication human skin is shown
to display the Crabtree effect, and the stimula-
tion of respiration, glycolysis and the oxidation
of glucose to 14Co2 by human skin are shown to
be stimulated by DNP.
METHOD5
Skin was removed from amputated limbs and
breasts as soon as possible after the operation
and packed in ice for transport to the laboratory.
The breasts had been amputatod because of mam-
mary carcinoma. Jafiltrated areas of skin were not
used. The legs had been amputated usually be-
cause of gangrene following diabetes or vascular
disease, but occasionally for other reasons, and
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Equation 1. RH2 + O2 + 3ADP + 3Pi = R + 41120 + 3ATP.
Equation 2. Glucose + ADP + Pi = 2 lactic acid + ATP + HO
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FIG. 1. Transverse section of a 0.2 mm slice of human skin obtained with the Castroviejo keratotome.
skin from one arm amputated because of car-
cinoma was also used.
Most specimens had been prepared for opera-
tion with either hibitane or cetrimide, which are
metabolically inactive, but some had been treated
either locally or completely with iodine. Although
iodine is a very potent inhibitor of lactic de-
hydrogcnasc in cell-free preparations, slices from
areas painted with iodine gave the same results as
slices from untreated areas of the same specimen
or as slices from specimens treated with cetrimidc
and hibitonc. In all cases the skin was washed
with distilled water before usc.
A superficial slice was taken with the Castro-
viejo dcrmatomc (8) using a shim of 0.2mm thick-
ness. Fig. 1 shows a cross-section of such a slice.
Skin slices were incubated at 37° with 3 ml of
incubation medium in Warburg flasks of about 20
ml volume containing 0.2 ml. 1N. KOH in the
centre well. TJnlcss otherwise specified the incuba-
tion medium was Krchs Ringer Phosphate (9)
containing insulin 0.1 u/ml. and streptomycin
sulfate 50 y/ml, and the gas phase was air.
In some preliminary experiments neither the
omission of insulin nor the replacement of air by
02 had any significant effect on respiration or
glycolysis.
Glucose was estimated cnzymically (10) using
the Bochriogcr test kit.
Lactic acid was estimated by the method of
Barker and Summcrson (11). The Ca(OH)2 used
for dcprotcinization was prepared from analytical
grade Ca(Cl)2 and NaOH and the lithium lactate
for standardization was recrystallized twice by
the addition of 4 vols ethanol to an aqueous solu-
tion.
Measurements of radioactivity were made by
two phase scintillation counting (12). The aqueous
sample was adjusted to 1 ml in a flat-bottomed
glass container of diameter 3.5 cm, and to it were
added 2 drops Stergenc 10% W/V and 3 g Anthra-
cene (Hopkins and Williams blue-fluorescent
grade). Activity was measured in the EKCO
scintillation counter.
TJnder these conditions the counting efficiency
was about 20%.
Carcinoma
Gangrene (diabetes)
1.8 0.09
1.6 0.15
(12)
(6)
Gangrene (vascular disease) 1.3 0.05 (4)
RESULTS AND DISCUSsION2
1. Endogenous Respiration
The respiration rate observed (Table 1) was
similar to values previously reported for human
skin in vitro (3, 4, 13, 14, 15).
The Q02 of skin from cases of vascular disease
was significantly lower than that from cases of
carcinoma, while diabetic skin gave intermediate
values not significantly different from either of
the other two groups.
2. The Effect of Glucose on the Q02
A slight but significant Crabtrcc effect was ob-
served. Glucose reduced the Q02 of the skin
slices by about 0.2 (Table 2). In only one case
out of 18 was an increase in Q02 observed, the
amount being 0.4. This specimen was from a case
of diabetes, and if it is excluded the mean fall in
Q02 for the remaining 5 diabetic specimens be-
comes 0.28 0.08, which is highly significant.
This Crabtree effect is of a similar magnitude
to that observed in cattle skin under sumilar con-
ditions (7) but is not in agreement with the re-
sults of von Glasenapp and Leonhardi (3) who
reported a slight stimulation of the respiration of
2 Results are quoted as the mean S.E.M., and
the number of experimental values follows, in
brackets, if it is not given elsewhere.
TABLE 1
The endogenous respiration of human skin
from amputations
Reason for Amputation Q02
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TABLE 2
The Crabtree effect in human skin from amputations
Reason tsr Amputation QO2 (KRP) Minus QOs(KRP + Glucose 0.01 M)
Carcinoma 0.27 0.11 (7)
Gangrene (diabetes) 0.16 0.14 (6)
Gangrene (vascular disease) 0.15 0.10 (4)
Osteomyelitis 0.8 (1)
All experiments 0.24 0.07 (18)
In some of these experiments different samples
of skin from the same specimen were incubated
with and without glucose (0.01 M) for five hours
and the respiration rates compared. In others a
larger sample was incubated for 1 hour without
glucose to establish the endogenous rate of
respiration, and the effect of adding glucose (final
concentration 0.01 M) from the side-arm was
observed. Similar results were obtained by both
methods and they have been pooled for the pur-
pose of this table.
human skin by glucose. These authors appear
however to have related the results of several
experiments to a single "control" group instead
of making a direct comparison in each case.
3. The Effect of DNP on the QO
DNP caused the Q03 of skin from masteeto-
mies to rise by 0.54 0.17 (5). The effect of
DNP on skin from gangrenous legs, however, was
very variable, and increases and decreases
roughly cancelled out (5 experiments).
The stimulatory effect of DNP on respiration
is always only temporary, and it is possible that
in some of these experiments the stimulatory
period was shorter than the temperature equili-
bration time.
Although in the presence of DNP the initial
rate of respiration was raised, this rate was not
maintained and the Q02 fell steadily for 1—2
hours. Usually the addition of glucose after 1 hour
had no effect, but in two experiments a delayed
rise to the initial rate was observed; Fig. 2. shows
the results obtained in one of these experiments.
The sequence of events shown in Fig. 2. can most
economically be interpreted as follows: "The en-
dogenous respiration rate of the skin is limited
by the shortage of ADP and/or Pi, so that DNP
causes a rise in Q02 and glucose canses a fall in
Q02. In the presence of DNP respiration is sub-
strate limited and the Q02 declines as endogenous
substrate is used up. A little time after the addi-
tion of glucose additional respiratory substrate
(neetyl CoA.) becomes available from glucose and
the respiration rate rises to the initial value, but
after a further interval some other factor be-
comes limiting and the rate falls once more."
The nature of the final limiting factor is not
known (over half the initial glucose remained at
the end of the experiment) but it may be pre-
sumed that in the experiments where glucose
had no effect this factor had become limiting be-
fore the glucose was added. In the presence of
DNP the rate of glycolysis was raised (see below)
whether glucose stimulated respiration or not, so
the block does not seem to be along the Embden-
Meyerhof pathway.
4. The Yield of "CO2 from "C Glucose
The rate of formation of "CO2 from "C glucose
by human skin was found to be low, relative to
the respiratory rate, in agreement with the find-
ings of other investigators (14, 16, 17). However,
as no measurement of the R.Q. was made, it is
not possible to estimate how much of the isotope
dilution occurred because of the presence of ap-
preciable "pools" of metabolic intermediates such
as succinate and how much occurred because of
oxidation of other substrates such as fats and
protein.
Since the R.Q. for carbohydrates is 1.0, the
proportion of the 02 uptake which consists of
glucose oxidation is given by the ratio
mols. "CO2 formed
mols. 02 oxidized
3
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Fia. 2. The effect of glucose and 2 :4-dinitro-
phenol on the respiration of human skin.
Skin was incubated in KRP (line K) or in
KRP + 2 :4-IDNP 1O M (line D) for one hour and
then glucose was added to a final concentration of
0.01 M.
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For seven specimens from mastectomies incu-
bated with glucose-U-14C this ratio was 0.16
.03 and in the presence of DNP the ratio was
0.32 .04. Since DNP causes a rise in the total
respiration rate, the absolute rate of glucose oxi-
dation is increased by a factor of 2.6 by DNP.
In some experiments with skin from cases of
gangrene using glucose-1-'4C and glucose-6-'4C,
the Cl :C6 ratio was lower than that previously
reported for post-mortem skin and for biopsy
skin (14, 16) (Table 3).
A Cl :C6 ratio of 1.0 is obtained by glucose
oxidation via the Krebs Cycle and higher values
than 1.0 indicate activity of the alternative (pen-
tose phosphate) pathway which forms '4C02 from
glucose-1-'4C but not (in the absence of recycling)
from glucose-64C.
The ratio appeared to be increased by DNP
in cases of diabetes but reduced by DNP in cases
of vascular disease; these observations are diffi-
cult to interpret as they stand but may be of in-
terest to other workers in this field.
5. Glycolysis
The rate of lactic acid formation was about
0.1 mols/hr/mg dry wt in skin from all the
soorces studied (Table 4). This confirms the ob-
servation of Wohlgemuth and Klopstock (15)
that glycolysis is unimpaired in diabetic skin. In
all experiments except one with skin from a case
of vascular disease the rate of glycolysis was in-
creased by DNP.
'Whereas in cattle skin the calculated energy
yield is the same in the presence and absence of
glucose (7), in human skin it is slightly higher in
TABLE 3
Ratios of CO2 formed from C-i and C-6 labelled
glucose formed by skin from legs amputated
for diabetes
Results are expressed as mols. cO2 per mol.
02 from Cl or C6 labelled glucose.
Cause of Gangrene
CO2 from G — 1-'4C
CO, from G — 6-"C
in KRP in KRP +DNP 10-4 M
Diabetes
Vascular disease
1.3
1.3
1.5
3.3
1.6
2.5
1.0
(0.2)
1.6
Reason for Amputation
Lactate Formation
(.s Mols/Hr/mg dry wt)
in KRPG 194lts
Carcinoma
Diabetes
Vascular disease
0.11
(12)
0.09
(7)
0.11
(3)
0.20
(7)
0.21
(2)
0.17
(3)
the presence of glucose. For example for the speci-
mens from cases of carcinoma the addition of
glucose reduces the yield of ATP from respira-
tion by .064 .02 s mols/hr/mg. but the yield
of ATP from glycolysis is greater than this, being
0.11
.01 s mols/hr/mg.
Glycolysis of human skin was partially inhib-
ited by oxamic acid, which is a competitive in-
hibitor of lactic dehydrogenase. About 50% in-
hibition was caused by 0.1 M oxamate.
CONCLUSION
The results presented in this communication
confirm and reinforce previous reports which have
suggested that respiration and glycolysis in hu-
man skin in vitro may be phosphate limited.
Human skin appears in this respect to resemble
cattle skin but to differ from the skin of rats (13),
mice (18) and guinea pigs (19).
The immediate significance of this is not ap-
parent, but it would appear not unlikely that
disturbance of this metabolic control mechanism
might underly some of the pathological condi-
tions observed in the skin, and further investiga-
tions along these lines may prove useful either in
diagnosis or in therapy.
The results obtained using skin from legs am-
putated because of gangrene of the extremities
were very variable, with occasional specimens
giving bizarre results. It is suggested that skin
from this source should not be considered "nor-
mal" for experimental purposes.
SUMMARY
1. On addition of glucose to human skin in
vitro the Q02 fell by 15% (Crabtree effect).
2. 2:4 dinitrophenol stimulated both glycoly-
TABLE 4
The rate of glycolysis
RESPIRATORY CONTROL IN SKIN 49
sis and respiration and increased the rate of for-
mation of 14C0I from "C glucose.
3. In the presence of dinitrophenol glucose did
not reduce the QOl but sometimes raised it dra-
matically.
4. Cl: C6 ratios of skin from legs amputated
for gangrene of the extremity varied from 1.3
to 3.3.
5. Glycolysis was 50% inhibited by 0.1M ox-
amic acid.
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